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1 Introduction

Definition 1.1 A point estimator is any function W (X1, ..., X,,) of a sample; that is,
any statistic is a point estimator.

Note that an estimator is a function of the sample, while an estimate is the realized
value of an estimator that is obtained when a sample is actually taken.



2 The Method of Moments

Let X1,...,X,, be a sample from a population with pdf or pmf f(x|01,...,0%).
Methods of moments estimators are found by equating the first k& sample moments to
the corresponding k£ population moments, and solving the resulting system of simulta-
neous equations. More precisely, define
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The population moment 1; will typically be a function of 61, . . ., 0y, say p’; (01, . . . , O ).
The method of moments estimator (61, .. ., 0)) of (61, . . ., 0%) is obtained by solving



the following system of equations for (61, . .., 0y ) in terms of (M1, ..., Mmk):

miq = ,u’l(Hl, “ e ,Qk),
mo = /L/Q(Ql, .. ,Qk),

my, = pi (61, .., Ok).



EXA

EXB

(Normal method of moments) Suppose X1, ..., X, are iid N (u,o?). Let
01 = p and 05 = o2. By the method of moments, we have

X =p,
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Solving the systems yields the estimators
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(Binomial method of moments) Let X1, ..., X} be iid Binomial(k, p), that
is,

k
P(X; =x|k,p) = (x)p“"(l —p)F% x=0,1,..., k.

Here we assume that both £ and p are unknown and we desire point estima-
tors for both parameters. This model has been used to estimate crime rate for
crimes that are known to have many unreported occurrences. By the method of
moments, we have

X =kp

1
=D X2 =kp(1—p) + kP’



Solving for k and p yields the estimators

X xe ™

X? - X
.

Definition 2.1 Let én be an estimate of a parameter 0 based on a sample of size n.
Then 0,, is said to be consistent in probability if @ converges in probability to 6 as n
approaches infinity; that is, for any € > 0,

P(\én — 0] >¢) — 0,
asn — oo.

The weak law of large numbers implies that the sample moments converge in prob-
ability to the population moments. If the functions relating the estimates to the sample
moments are continuous, the estimates will converge to the parameters as the sample
moments converge to the population moments.



3 Maximum Likelihood Estimators

Recall thatif X7, ..., X, are aniid sample from a population with pdf or the frequency
function f(x|61, ..., 0x), the likelihood function is defined by
n
L(0|x) = L(61, ..., 0|1, ..., zn) = | | f(xil6r.. .., 0k).
i=1

Definition 3.1 For each sample point x, let O(x) be a parameter value at which
L(0|x) attains its maximum as a function of 0, with x held fixed. A maximum like-

lihood estimator (MLE) of the parameter 0 based on a sample X is 9(X )

Intuitively, the MLE is a reasonable choice for an estimator. The MLE is the param-
eter point for which the observed sample is most likely. However, there are two inherent
drawbacks associated with the maximum likelihood estimation. The first problem is that
of actually finding the global maximum and verifying that, indeed, a global maximum has
been found. The second problem is that of numerical sensitivity. That is, how sensitive
is the estimate to small changes in the data?



EXA (Normal likelihood) Let X1, ..., X, beiid N (6, 1), then

n

LOJe) = o7 exp{—5 D (@i~ 0)*),

i=1
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log L(0]z) = — 2 log(27) — - zn:(:c 0)2
= —— T) — = i — 0)~.
g 5 g 5 £
The equation -% log L(6|z) = 0 reduces to
i=1

which has the solution 0 = 7. To verify that o is a global maximum of the
likelihood function, we can use the following arguments. First,  is the only zero
of the first derivative. Second, verify that

d2

Thus, I is the only extreme point in the interior and it is a maximum. To finally
verify that T is a global maximum, we must the boundaries, ==0c. By taking



limits it is easy to establish that the likelihood is O at +00.S00 = Tisa global
maximum and hence X is the MLE.



EX B (Poisson distribution) If X follows a Poisson distribution with parameter A, then

AT~ A

x!

If X1, Xo,...,X, areiid, then the log likelihood is

n

[(A) =) (X;log A — A —log X;!)

i=1
= log)\in- —nA — ilogXi!
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Setting the first derivative of the log-likelihood equal to zero, we find
1 mn
I'(\) = XZXZ- —n=0.
i=1

The MLE is then A = X.

EX C (Multinomial cell probability) Suppose that X1, ..., .X,, follow a multinomial



distribution with the joint frequency function,

n! .
f(CIfl,...,CIZm|p1,...,pm): Hm 'prf%

1=1" =1

The log likelihood function is

l(p1,...,pm) =logn! — Zloga@i! -+ sz log p;.
i=1 i=1

To maximize this likelihood subject to the constraint, we introduce a Lagrange
multiplier and maximize

l(p1,---yPm, ) =logn! — Zlogwi! —|—in log p; —I—)\(Zpi —1).
i=1 i=1 i=1

Setting the partial derivatives equal to zero, we have the following system of
equations:

~ €L j :
pj:—yj, 7=1,....m.
Summing both sides we have 1 = —n /X or A = —n. Therefore, we have
~ L j
Pj = —

n



which is an obvious set of estimates.

EX D Suppose that X1, ..., X, form a random sample from a uniform distribution
on the interval [0, 8] with @ > 0. The joint pdf f,, (x|#) has the form

L ofor0< ;<6

fn(]0) = {Qn

0O  otherwise

The MLE of € must be a value of 6 for which § > max{x1,...,x,} and that
maximizes 1/6™ among all such values. Hence, the MLE of 6 is

0 = max{X1,...,X,}.

Limitations of Maximum Likelihood Estimation

Despite its intuitive appeal, the method of maximum likelihood is not necessarily appro-
priate in all problems.

e Nonexistence of an MLE Suppose that X1, ..., X,, form a random sample
from a uniform distribution on the interval (0, ). The pdf is

L g Ty < 0
f(x|0){9n or(0 < xq, LTy <

0O  otherwise



It should be noted that the possible values of 6 does not include the value

max(zry,...,Ty,), because 6 must be strictly greater than each observed
value x; (¢t = 1,...,n). Because 6 can be chosen arbitrarily close to the
value max(z1,...,Z,) but cannot be chosen equal to this value, it follows

that the MLE of & does not exist.

Non-uniqueness of an MLE Suppose that X1, ..., X, form arandom sample
from a uniform distribution on the interval [#, 6§ + 1], where the value of the
parameter 6 is unknown (—oo < 6 < o). The joint pdf f,, (x|0) is

1 for0<zx; <0+4+1,i1=1,...,n

0 otherwise

fn(x|0) = {

This is equivalent to

1 formax(zyi,...,z,) —1 <60 <min(zy,...,2,)

x|0) =

fu(|0) {O otherwise

Thus, it is possible to select as an MLE any value of 6 in the interval
max(xy,...,ry) — 1 <0 <min(zq,...,z,).

In this example, the MLE is not uniquely specified.



Properties of Maximum Likelihood Estimators

Invariance Suppose that the variables X1, ..., X,, form a random sample from a
distribution for which either the pf or the pdf is f(x|6). The parameter 6 is unknown,
and it may be one-dimensional or a vector of parameters. Let {2 be the space of 0. Let
g(0) be an arbitrary function of the parameter, and let G' be the image of {2 under the
function g. For each t € (G, define

Gy ={0:9(0) =t}
Define the MLE of ¢(f) to be £ where

L*(t) = L*(t) = log f,, .
() max (t) rgggcgggogf(w@

Theorem 3.1 Let O be an MLE of 0 and let g(6) be a function of 0. Then an MLE of
9(0) is g(0).

PROOF: Since L*(t) is the maximum of log f, (x|0) over 0 in a subset of {2, we
know

L*(t) < log fu(w|6)



forallt € G. Lett = g(). Note that § € G,. Since f maximizes f,, (|6) over all 6,
it also maximizes log f,, (x|6) over § € G;. Hence,

L*(f) = log fn(6)
and £ = ¢(0) is an MLE of g(6). OJ
EX E Suppose that the variables X1, ..., X,, form a random sample from a normal

distribution for which both 1 and 0% are unknown. We have found that the MLEs
of u and o are

_ 1 _
=X, == (X;— X

i=1
From the invariance property, we can conclude that the MLE of o is

1 | _
b= =Y (Xi—X,)?
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The MLE of E(X?) is
_ 1 <& _
X24+-) (X;—X,)°
it )



Consistency Under mild conditions, which are typically satisfied in practical prob-
lems, the sequence of MLE’s is a consistent sequence of estimators of 6. In other
words, in most problems the sequence of MLE’s converges in probability to the un-
known value of # as n — oo.

Numerical Computation In many problems there exists a unique MLE, but this MLE
can not be expressed as an explicit algebraic function of the observations in the sample.
In this case, 6 can be determined by numerical computation.

EX F (Gamma distribution) Since the density function of a gamma distribution is

1
f(zla,\) = —=X%*1e™ 0 <z < oo,
I(a)
the log likelihood function of an iid sample, X1, ..., X, is
l(a,\) = Z lalog A + (@ —1)log X; — AX; —log'(e)]
i=1

=nalogA+ (a—1) ZlogXi — )\ZXZ- —nlog'(a)
i=1 i=1



The partial derivatives are

ol & I'(«)
— =nlog A log X; — n
o)’ BAT ; 5 I'(«)
ol na« -
T _ X,
NS
1=1
Setting the second partial equation to zero, we find
L
Zi:l Xi X
Substituting it into the first partial equation, we obtain
-\ " (c)
log o — nlog X log X; — = 0.
nlog o — nlog +Z og nr(a)

1=1

This equation can be solved by a numerical method.



4 The Bayesian Approach to Parameter Estimation

In the classical approach the parameter, 6, is thought to be an unknown, but fixed,
quantity. A random sample, X1, ..., X, is drawn from a population indexed by 6
and, based on the observed values in the sample, knowledge about the value of 6 is
obtained. In the Bayesian approach 6 is considered to be a quantity whose variation
can be described by a probability distribution (called the prior distribution). This is a
subjective distribution, based on the experimenter’s belief, and is formulated before the
data are seen (hence the name prior distribution). A sample is then taken from a pop-
ulation indexed by 6 and the prior distribution is updated with this sample information.
The updated prior is called the posterior distribution. This updating is done with the use
of Bayes’ Rule, hence the name Bayesian statistics.

If we denote the prior distribution by 7w (6) and the sampling distribution by f(x|6),
then the posterior distribution is

f(@|0)m(0)

m(x)

m(0|z) =

Y

where m(x) is the marginal distribution of X, that is,

m(z) = / F(x|0)(0)do.



EX A (Binomial Bayes estimation) Let X1, ..., X,, beiid Bernoulli(p). Then Y =
> X, is binomial (1, p). We assume the prior distribution on p is beta(«, (3).
The joint distribution of Y and p is

fly,p) = [(Z)py(l —p)" Y] [gég)}r(?)pa_l(l —p)’]
_(n F(O‘+6) y+a—1/1 \n—y+6—1
= (o) iy

The marginal of Y is

[ M\ T(a+B) T(y+a)l(n—y+pP)
1= | 1w rp= (y)r@rw) Tntats)

The posterior is

L f(yap) . F(TL—FO&—Fﬁ) y+a—1 o \n—y+p—-1
O ="50) “Torarm—-y+a? 7P

which is beta(y + o, n — y + [3). A natural estimate for p is the mean of the
posterior distribution, which would give us the Bayes estimator of p,

. YT

PB= o0+ B+n

Y




EX B (Normal Bayes estimators) Let X ~ N (6, 0?), and suppose that the prior
on 0 is N (u, 7'2). The posterior distribution of € is also normal, with mean

variance by
2 2
T o
E(fz) = ——z+ ——
(6]) 72 _|_02x—|— o2 _|_7_2,u,
and 5 o
Var(0|z) = 0T

o2 4+ 72°



5 Conjugate Prior Distributions

For each of the most popular statistical models, there exists a family of distributions
for the parameter with a very special property. If the prior distribution is chosen to
be a member of that family, then the posterior distribution will also be a member of
that family. Such a family of distributions is called a conjugate family. Choosing a
prior distribution from a conjugate family will typically make calculation of the posterior
distribution particularly simple.

Definition 5.1 /et F denote the class of pdfs or pmfs f(x|0) (indexed by ). A class
H of prior distributions is a conjugate family for JF if the posterior distribution is in the
class || forall f € F, all priorsin| ], andallx € X.



Sampling from a Bernoulli Distribution

Theorem 5.1 Suppose that X1, ..., X,, form a random sample from a Bernoulli dis-
tribution for which the value of the parameter 6 is unknown (0 < 6 < 1). Suppose
also that the prior distribution of 6 is a beta distribution with given parameters «v and 3
(a > 0 and 3 > 0). Then the posterior distribution of 6 given that X; = x; (i =

n

1,...,n) is abeta distribution with parameters « + Y ., x; and S +n—>>_" | x;.
PROOF: Lety = 2?21 x;. The likelihood function of x is
fo(xld) =0Y(1 —0)"Y.
The prior pdf satisfies the following relation
§(6) o 0°71 (1= 0)77,
for 0 < 6 < 1. It follows that the posterior of 8 is
£(Bl) ox 07V (1 — )PV,

for 0 < @ < 1;thatis, a beta distribution with parameters « + y and 6 + n — y. [



The family of beta distributions is called a conjugate family of prior distributions for
samples from a Bernoulli distribution. Any parameters of the family of prior distributions
(such as « and (3 in the above theorem) are called prior hyperparameters in order to
distinguish them from parameters like 8. The corresponding parameters of the posterior
distributions (o + Z?Zl x;and B +n — Z?Zl x; in the above theorem) are called
posterior hyperparameters.

EX A Suppose that the proportion 6 of defective items in a large shipment is unknown,
the prior distribution of  is a uniform distribution on the interval [0, 1], and items
are to be selected at random from the shipment and inspected until the variance
of the posterior distribution of & has been reduced to the value 0.01 or less.

The uniform distribution in the interval [0,1] is a beta distribution for which a = 1
and 3 = 1. Therefore, after y defective items and z nondefective items have
been obtained, the posterior distribution of & will be a beta distribution with o =
y + 1 and 8 = z + 1. Therefore, the variance of the posterior distribution of 6

will be
_ (y+1)(z+1)

(y+2z+4+2)2(y+2+3)
Sampling is to stop as soon as V' < 0.01.




Sampling from a Poisson Distribution

Theorem 5.2 Suppose that X1, ..., X,, form a random sample from a Poisson dis-
tribution for which the value of the mean 0 is unknown (@ > 0). Suppose also that the
prior distribution of 6 is a gamma distribution with given parameters e and 3 (o« > 0
and 3 > 0). Then the posterior distribution of 0, giventhat X; = x; ¢t = 1,...,n),
is a gamma distribution with parameters o + Z?:l x; and 3 + n.

PROOF: Lety = " | x;. The the likelihood function f,,(x|0) satisfies the relation
Frn(x|0) oc e 00Y.
The prior pdf of 6 has the form
£(0) < 0% e P? forf > 0.
Since the posterior pdf £(f]x) has the form
£(0|x) oc 0TV te=(BHnI0  tor 9 > 0,

that is, the posterior of 6 is a gamma distribution with parameters o« + Z?’:l x; and
B+n.O



EX B Consider a Poisson distribution for which the mean 6 is unknown, and suppose
that the prior pdf of 6 is as follows:

220 forf >0
£(0) =
0 ford <0

This prior pdf is the pdf of a gamma distribution with parameters &« = 1 and
(8 = 2. Therefore, the posterior of 6 is a gamma distribution with parameters
y + 1 and n + 2. The variance of the posterior distribution is

y+1

V = 22




Sampling from a Normal Distribution

Theorem 5.3 Suppose that X1, ..., X,, form a random sample from a normal distri-
bution for which the value of the mean 6 is unknown (—oo < 6 < o0) and the value
of the variance o2 is known (02 > 0). Suppose also that the prior distribution of 6 is
a normal distribution with given values of the mean [ and the variance V2. Then the
posterior distribution of 6 given that X; = x; (i = 1,...,n) is a normal distribution

for which the mean (11 and variance V12 are as follows:

02,u +nv?z,
H1 =
o2 + ny?
and
o o212
Vl — 5 5 .
o + nv

PROOF: The likelihood function f,, (|@) has the form

1 n
fn(2]6) x exp | — 552 (z; — 0)?].
i=1
The prior pdf £(#) has the form
£(0) oc exp [~ 5 (0 — p)?].

212



It follows that the posterior pdf £(6|x) has the form

§(6]a) o exp { — %[%w ~ )"+ %(9 - u)?]}
x exp | — %(9 — w1)?].

The proof is completed. []

The mean p1 of the posterior distribution of 6 can be rewritten as

0'2 nl/2

_|_
o2 + 2t T + nu?
that is, (11 is a weighted average of the mean (i of the prior distribution and the sample
mean I, .

M1 = Zl_ﬁn,

EX C Suppose that observations are to be taken at random from a normal distribution
for which the value of the mean 0 is unknown and the variance is 1, and that the
prior distribution of € is a normal distribution for which the variance is 4.

If follows from Theorem 5.3 that after n observations have been taken, the vari-
ance % of the posterior distribution of 6 will be




Sampling from an Exponential Distribution

Theorem 5.4 Suppose that X1, ..., X,, from a random sample from an exponential
distribution for which the value of the parameter 0 is unknown (6 > 0). Suppose also
that the prior distribution of 0 is a gamma distribution with given parameters o« and
B (o« > 0 and 3 > 0). Then the posterior distribution of 6 given that X; = x;
¢ =1,...,n)is agamma distribution with parameters &« + n and 3 + Z?:l ZT;.

PROOF: Lety = Y., x;. Then the likelihood function f,,(x|0) is
fo(x|0) = 0"e™%.
The prior pdf £(#) has the form
2i(0) x 0 re™PY forf > 0
It follows, therefore, that the posterior pdf £(6|x) has the form
£(0|x) oc 0T Le= (B0 for 0 > 0,

that is, a gamma distribution with parameters o + n and 3 + y. [



Improper Prior Distributions

EXA

EXB

Bortkiewicz (1898) counted the numbers of Prussian soldiers killed by horsekick
in 14 army units for each of 20 years, a total of 280 counts. Of the 280 counts,
144 of them were 0, 91 of them were 1, 32 of them were 2, 11 counts were 3,
and 2 counts were 4. Suppose that we were going to model the 280 counts as
a random sample of Poisson random variables X1, ..., Xogo with mean 6. A
conjugate prior would be a member of the gamma family with prior hyperparam-
eters o and 3. Theorem 5.2 says that the posterior distribution of 6 would be a
gamma distribution with the posterior hyperparameters o + 196 and 3 + 280,
since the sum of the 280 counts equals 196. Ifwe let o = 0 and 8 = 0, we
get the improper prior pdf £(0) = 6~ for § > 0. Pretending as if this really
were a prior pdf, the resulting posterior is a gamma distribution with parameters
196 and 280.

Suppose X1, ..., Xo3 are iid samples drawn from a normal distribution with
parameter € and variance 0.25. A conjugate prior for 8 would be a normal
distribution with mean p and variance V2, Suppose the average of the 23 sam-
ples is 4.15, so the posterior distribution of € would be a normal distribution
with mean p; = (0.25u + 23 x 4.1502)/(0.25 + 23v2) and variance
vi = (0.250%)/(0.25 + 23v2%). If we let v* — oo, we get 1 — 4.15 and



V2 — 0.25/23.

Having infinite variance for the prior distribution of @ is like saying that 0 is
equally likely to be anywhere on the real line. If we use an improper “normal
distribution” prior with variance oo, the calculation in Theorem 5.3 would yield
a posterior distribution that is a normal distribution with mean x,, and variance
0% /n. The improper prior pdf in this case is £(6) = 1.



The Bayes Estimate for Large Samples

Suppose that the proportion 6 of defective items in a large shipment is unknown, and
that the prior distribution of @ is a uniform distribution on the interval [0, 1]. Suppose
also that the value of 6 must be estimated, and that the squared error loss function is
used. Suppose, finally, that in a random sample of 100 items from the shipment, exactly
10 items are found to be defective. Since the uniform distribution is a beta distribution
with parameters & = 1 and 8 = 1, and since n = 100 and y = 10 for the given
sample, the Bayes estimate is 6*(x) = 11/102 = 0.108.
Next, suppose the prior of 6 is Beta(1,2) with the pdf

£(0) x2(1—-0), 0<0<1.

The resulting Bayes estimate is 6*(x) = 11/103 = 0.107.

The two prior distributions are quite different. Nevertheless, because the number of
observations in the sample is so large (n = 100), the Bayes estimates with respect to
the two different priors are almost the same. Furthermore, the values of both estimates

are very close to the observed proportion of defective items in the sample, which is
in == Oo].-



Consistency of the Bayes Estimator

A sequence of estimators that converges to the unknown value of the parameter being
estimated, as n — ©Q, is called a consistent sequence of estimators.

The practical interpretation of this result is as follows: When large number of ob-
servations are taken, there is high probability that the Bayes estimator will be very close
to the unknown value of 6.

For example, let X1,...,.X,, be a random sample (given ) from a Bernoulli
distribution with parameter 6. Suppose that we use a conjugate prior for 6. If follows
from the law of large numbers (Section 4.8) that Xn converges in probability to 0 as
n — 00. Since

§*(X)— X, — 0, in probability

as n — 0, it can also be concluded that 6*(X') converges in probability to the un-
known value of 8 as n — 00.



6 Sufficient Statistics

Definition of a Statistic

Let X1, ..., .X,, bearandom sample drawn from a distribution for which the pf or pdf is
f(x]6). Any real-valued function T'( X7, ..., X,,) of the observations in the random
sample is called a statistic. Three examples of statistic are the sample mean X'n; the
maximum Y, of the values X1, ..., X,; and the function T'(X1, ..., X,), which
has the constant value 3 for all values of X1, ..., X,,.

In an estimation problem, we can say that an estimator of 6 is a statistic whose
value can be regarded as an estimate of the value of 6.

Definition of a Sufficient Statistic

Definition 6.1 A statistic T'( X)) is a sufficient statistic for 8 if the conditional distribu-
tion of the sample X given the value of T'( X') does not depend on 6.

To use this definition to verify that a statistic 7'( X)) is a sufficient statistic for 6, we
must verify that f(X = x|T(X) = T'(x)) does not depend on 6. Since { X = x}



is a subset of {T(X ) = T'(x)},

f(X =2|T(X) =T(x)) =

where f(a|0) is the joint pf/pdf of the sample X and ¢(t|6) is the pmf/pdf of T'( X).
Thus, T'(X) is a sufficient statistic for 6 if and only if, for every &, the above ratio is
constant as a function of 0.

Theorem 6.1 If f(x|0) is the joint pdf or pmf of X and q(t|0) is the pdf or pmf of
T(X), then'T'(X) is a sufficient statistic for 0 if, for every x in the sample space, the
ratio f(x|0)/q(T(x)|0) is constant as a function of 6.

EX A (Binomial sufficient statistic) Let X, ..., X,, be iid Bernoulli random vari-
ables with parameter #, 0 < § < 1. ThenT(X) = X; +---+ X, isa
sufficient statistic for 6. Note that T'( X ') counts the number of X;’s that equal



1,50 T'(X) ~ Bi(n, #). The ratio of pmfs is thus

fllo) _Tera-ot
q(T(x)|0) — (Z’)W(l “ oyt (define t = Zi:l ;)
(e -
1 1

(m\ n

1) (%)
Since this ratio does not depend on 6, by Theorem 6.1, T'(x) is a sufficient
statistic for 6.

EXB (Normal sufficient statistic) Let X1, ..., X, beiid N(u,0?), where 0 is
known. We wish to show that the sample mean, T'(X ) = X, is a sufficient
statistic for L.

fla|p) = 1_[(27”72)_1/2 exp(—(zi — p)*/(20%))
= (2m0%) "2 exp{~[Y (i — )* +n(z — 1)’} /(20)}

1=1



Recall that the sample mean X ~ N (i, 02 /n). Thus, the ratio of pdf is

fl0) _ (2ro?) " Zexp{—[3i, (v — 2)* + n(z — p)?]/(20%)}
q(T())|0) (2m0?/n) =12 exp{— ’n(ﬂf—u)2/(202)}

=n"Y22r02) (" D/2 exp{— Z /(20%)},

which does not depend on u. By Theorem 6.1, the sample mean is a sufficient
statistic for L.

Theorem 6.2 (Factorization Theorem) Let f(x|0) denote the joint pdf or pmf of a
sample X . A statistic T'(X) is a sufficient statistic for 6 if and only if there exist
functions g(t|0) and h(x) such that, for all sample points @ and all parameter points

0,
f(@|0) = g(T'()|0)h(x). (1)

PROOF: We give the proof only for discrete distributions. Suppose T'( X ) is a sufficient
statistic. Choose ¢(t|0) = Py(T(X) = t) and h(x) = P(X = z|T(X) =
T'(x)). Because T'(X) is sufficient, the conditional probability /() does not depend



= 9(T()|0)h(z)
So factorization (1) has been exhibited. Also, the last two lines above imply that g(7T'(x)|0)
is the pmf of T'(X).
Now assume the factorization (1) exists. Let ¢(|6) be the pmf of T'(X'). Define
Ay ={y : T(y) = T(x)}. Then

f(zl0) _ g(T(x)|0)h(z)
¢(T(@)|0)  q(T(=)0)
__ 9(T(=)|0)h(z)
2 Ap . 9T (Y)0)1(y)
__ 9(T(x)[0)h(z)
9(T(®)[0) 2_ 4, g MY)
h(z)

- ZAT(w) hy)

(density transformation)

(since T"is a constant on AT(;I;))




Since the ratio does not depend on @, by Theorem 6.1, T(X) is a sufficient statistic for
6.0

To use the Factorization Theorem to find a sufficient statistic, we factor the joint
pdf of the sample into two parts. One part does not depend on 6 and it constitutes the
h(w) function. The other part depends on 6, and usually it depends on the sample @
only through some function T'() and this function is a sufficient statistic for 6.

EXA (Normal sufficient statistic) Let X1, ..., X,, beiid N(u,0?), where o is
known. The pdf can be factored as

fall) = (270%) ™/ exp{ - Z /(20%)} exp{—n(i—p)?/(20%)}.
We can define

g(t|0) = exp{—n(t — 1)*/(20°)}
by defining T'(x) = &, and

h(z) = (2m02) /2 exp{— Z /(20%)}.

Thus, by the Factorization Theorem, T'(X ) = X is a sufficient statistic for /.



EXB

EXC

Sampling from a Poisson Distribution Suppose that X1, ..., X,, formaran-
dom sample from a Poisson distribution for which the value of the mean 0 is
unknown. We shall show that T'(X) = > | X; is a sufficient statistic for 6.

The pf can be factorized as follows:

n 6_96331 1 . —
fn<w‘9):H p— 7 '6 9921‘:1 L

1 5132' Hizl xI;.

It follows that 7'(X') = >_." | X; is a sufficient statistic for 6.

Sampling from a Uniform Distribution Suppose that X1,...,.X,, form a
random sample from a uniform distribution on the interval [0, 6], where 6 is
unknown. We shall show that T'(X) = max(X7y,...,X,,) is a sufficient

statistic for 0.

The joint pdf of X1,...,.X,, is

L ofor0<x;<0,i=1,...,n

fn(x|0) = {9”

0  otherwise

We note that f;, (|@) can be written as

fulal0) = o Tlmax(es, .., 2) < 0]



where I-] be an indicator function. It follows that 7'( X ) = max(Xy,...,X,)
is a sufficient statistic for 6.

Jointly Sufficient Statistics

In almost every problem in which 6 is a vector, as well as in many problems in which
0 is one-dimensional, there does not exist a single statistic I’ that is sufficient. In such
a problem it is necessary to find two or more statistics 17, . .., 1} that together are
jointly sufficient statistics.

Suppose that for each possible value (%1, ...,%;) of (11,...,Tk), the condi-
tional joint distribution of (X1, ..., X,,) given (T1,...,Tx) = (t1, ..., tx) does not
depend on 6. Then 17, ..., 1} are called jointly sufficient statistics for 6.

Theorem 6.3 Factorization criterion for jointly sufficient statistics. The statistics
Ty, ..., T} are jointly sufficient statistics for 0 if and only if the joint pdf or joint pf
fn(x|0) can be factored as follows for all values of & € R™ and all values of 6 € €):

fu(x|0) = u(x)v[Ti(x), ..., TL(x), 0].

Here the functions u, and v are nonnegative, the function u may depend on x but does
not depend on 6, and the function v will depend on 6 but depends on x only through
the k statistics T1 (x), . .., Ti(x).



EX A (Normal sufficient statistic, both parameters unknown) Assume that X, ..., X,
areiid N (i, 0%), and that both 11 and o2 are unknown so the parameter vector

if)@ = (u,0%). LetTy(x) = Tpand To(x) = s* = > (x;—T)?/(n—

n

fo(@]8) =(2102) 2 exp{ [} _(z; — ) + n(T — n)*]/(20°)}

= (210%) "2 exp{—(n(t1 — p)* + (n — 1)t2)/(20%)}.

Let u(x) = 1. By the factorization theorem, T'(X) = (T1(X),T2(X)) =
(X, S?) is a sufficient statistic for (1, 0%).

Suppose now that in a given problem the statistics 17, . . . , I} are jointly sufficient
statistics for some parameter vector 6. If k other statistics 17, ..., 7T} are obtained
from 17, . .., T} by a one-to-one transformation, then 17, ..., T} are also jointly suf-

ficient statistics for 6.

EX B Another pair of jointly sufficient statistic for the parameters of a normal

distribution Assume that X1, ..., X, are iid N (i, 0?), and that both 1 and

0% are unknown so the parameter vector is 0 = (u,0?). Let Ti(X) =



EXC

S Xiand To(x) = Y 1| X2, By the factorization theorem, the statistics
[ and 15 are jointly sufficient statistics for 11 and 2.

Suppose that X7, ..., .X,, form a random sample from a uniform distribution
on the interval [a, b, where a and b are unknown. The joint pdf is

1 .
1, (la,b) = T=ayw  for min(xy,...,%,) > aand max(zry,...,T,) < b
0 otherwise
That is,
1 .
ful@la,b) = G min(an, .. 20) > alffmax(a, .. 5,) < Bl
Since this expression depends on x only through the values of min(a:l, Cee azn)
and max(xy,...,Ty), it follows that the statistics 77 = min(x1,...,T,)
and T = max(x1, ..., T, ) are jointly sufficient statistics for a and b.

The Rao-Blackwell Theorem

Theorem 6.4 If T’ is sufficient for 6, the maximum likelihood estimate is a function of

T.



PROOF: From the factorization theorem, the likelihood is g('T', ) h (), which depends
on 6 only through 7. To maximize this quantity, we need only maximize g(T, (9). ]

Theorem 6.5 (Rao-Blackwell Theorem) Let 0 be an estimator of  with E(02) < oo
for all 6. Suppose that T  is sufficient for 0, and let = E(0|T"). Then, for all 0,

E(0 —0)2 < E6—0)>2

The inequality is strict unless 6 = 6.

PROOF: We first note that, from the property of iterated conditional expectation
E(0) = E[E(O|T)] = E(0).

Therefore, to compare the mean squared error of the two estimators, we need only
compare their variances. Since,

Var(§) = Var[E(0|T)] + E[Var(4|T)].
or ) 5 )
Var(6) = Var(0) + E|Var(0|T)],
Var() > Var(0) unless E[Var(A|T')] = 0, which is the case only if  is a function of

~

T', which would imply 0=0.0



